tory protein-2 at the lamina propria were increased in the setting of colitis and further increased in tumor tissues with upregulated epithelial TNFR2 and MLCK expressions in an animal model of CAC. The upregulated MLCK expression was also observed in TNF-stimulated colonic epithelial cells in vitro in association with the upregulation of TNFR2 but not TNFR1/TNFRSF1a/p55. Gene silencing of tnfrsf1b, but not tnfrsf1a, resulted in restoration of epithelial tight junction (TJ) associated with decreased MLCK expression. The presence of anti-TNF antibody also resulted in restoration of TJ in association with suppressed MLCK expression, and interestingly, similar results including the suppressed TNFR2 and MLCK expressions were observed by inhibiting MLCK in the epithelial cells. MLCK silencing also led to suppressed TNFR2 expression, suggesting that the restored TJ leads to reduced TNFR2 signaling. Such suppression of MLCK as well as blockade of TNFR2 signaling resulted in reduced CAC development, restored TJ, and decreased pro-tumorigenic cytokines. These imply that TNF-induced NF-κB activation and MLCK expression may be a potential target for the prevention of IBD-associated carcinogenesis.
Introduction
Inflammatory bowel diseases (IBD) such as ulcerative colitis (UC) and Crohn's disease (CD) in humans may cause idiopathic and chronic inflammation in colorectal area, as well as the entire gastrointestinal tract [1] [2] [3] . Although the etiology of IBD is still unclear, chronic epithelial hyper-permeability seems to be one of the mechanisms by which extensive inflammatory factors infiltrate the irritated intestinal tissues [4, 5] . Therefore, it is believed that induction of mucosal healing at the early stage is critical in the management of IBD [6, 7] . Moreover, chronic inflammation is generally believed to promote carcinogenesis, and prolonged duration of IBD likely also leads to increased risk of colitis-associated cancer (CAC) in the inflamed epithelia [8] [9] [10] [11] .
A previous study using tissue-specific deletion models of the IκB kinase β had shown that activation of nuclear factor-κB (NF-κB) in the inflamed tissue is strongly associated with carcinogenesis [12] . In this regard, we have investigated the mechanism of NF-κB activation in the colonic epithelial cells using a murine model of IBD. We have previously reported that increased expression of tumor necrosis factor (TNF) in a murine model of IBD is critical for the development of CAC [13] . TNF is known to be a pivotal cytokine associated with continuous immune dysregulation in the inflamed tissue of IBD [14, 15] . But how does this cytokine affect the intestinal epithelial cells in IBD? In our previous study, specific upregulation of the type 2 receptor for TNF (TNFR2/ TNFRSF1b/p75) was observed in the inflamed intestinal epithelial cells [13] . This observation seems logical since TNFR2 can also activate NF-κB, but it lacks the association with the death domains (DD) like that of TNFR1/TNFRSF1a/p55. However, the specific role of such NF-κB activation in the inflamed epithelia via TNFR2 signaling in the context of CAC has not been elucidated.
On the other hand, it has been reported that myosin light chain (MLC) kinase (MLCK) is also expressed in the human intestinal tissues with IBD [16] . MLCK is classically known to be required for the contraction of actomyosin via the phosphorylation of MLC [17] . It is also essential to the permeability of epithelial barrier according to in vitro and in vivo studies and is associated with the production of pro-inflammatory cytokine, such as TNF, in the inflamed intestinal tissues [16, 18] . The role of MLCK in the development of CAC is still unknown. It seems that one of the roles of epithelial NF-κB activation would be the induction of MLCK in the context of IBD.
Here, the relationship between epithelial MLCK expression and NF-κB activation via TNF signaling in the development of IBD-associated carcinogenesis is described.
Pro-Inflammatory and Pro-Tumorigenic Cytokine Productions in IBD
The pathogenesis of IBD is considered to be associated with both epithelial hyper-permeability and dysregulated immune responses to luminal contents, which include antigens derived from commensal bacteria in the gut. Regarding immune dysregulation, in patients with CD for example, an excessive amount of Th1 and Th17 cytokines, such as interferon (IFN)-γ and interleukin (IL)-17 respectively, are secreted predominantly by the infiltrating CD4 + effecter T cells in the intestinal lamina propria [6, [19] [20] [21] . On the other hand, Th2 cytokines such as IL-4, IL-5 and IL-13 are produced by effecter T cells and invariant NKT cells, as well as Th1 cytokines in the patients with UC [4, 22] . TNF, a proinflammatory cytokine, which is produced not only by such dysregulated effecter T cells but also by macrophages and granulocytes infiltrating the inflamed intestinal tissues, is involved in the dysregulated adoptive immune responses in CD and possibly UC as well. Current therapeutic approaches in neutralizing TNF using chimeric or humanized antibodies have provided some effective therapies in the management of CD [6, 23, 24] and to some extent UC as well [25] . Our efforts in the study of pathogenesis of IBD have shown that TNF is expressed mainly by inflammatory macrophages rather than effecter T cells in the dextran sodium sulfate (DSS) colitis model [13] .
It is known that myeloid cell-derived macrophages and granulocytes are also capable of expressing other cytokines such as IL-1β, IL-6 and macrophage inflammatory protein (MIP)-2, a homolog of IL-8 in humans. These cytokines can induce pro-tumorigenic activities such as angiogenesis and tumor proliferation [26] [27] [28] [29] , but at the same time, these cytokines are also expressed by intestinal epithelial cells [30] [31] [32] [33] . In fact, we have observed in previous and recent studies that the expression levels of these cytokines in colonic tissues are upregulated in DSS colitis and further upregulated in tumors [13, 34] . CAC development was suppressed by the treatment with either MP6-XT22, an anti-TNF monoclonal antibodies, or ML-7, an inhibitor against to MLCK, in association with reduced cytokine productions mentioned above ( fig. 1 a) . However, cytokine expressions from the isolated colonic epithelial cells were not significant when compared to those of the entire colonic mucosa. Therefore, pro-tumorigenic cytokines are most likely derived from the lamina propria where most macrophages reside. Others had also shown that NF-κB activation in the myeloid cells is critical for the induction of CAC [12] , and that NF-κB activation in myeloid cells can be induced by TNF [35] .
The Expressions of TNF Receptors in IBD and CAC
DSS colitis is a commonly utilized murine model of IBD where a single administration of DSS can lead to acute colitis. In addition, 3 cycles of DSS administration can lead to chronic inflammation in the colon. Furthermore, azoxymethane (AOM) administration preceding 3 cycles of DSS treatment can lead to epithelial carcinogenesis and is a model of CAC ( fig. 1 a and b) [36] . By using this CAC model, Greten et al. [12] showed that epithelial NF-κB activation is critical for the development of CAC. However, the roles and mechanisms of epithelial NF-κB activation leading to CAC development had not previously been rigorously studied. In our previous and recent studies, we determined epithelial NF-κB activation in association with upregulated TNF production by macrophages infiltrating the colonic lamina propria in the same CAC model. In addition, we demonstrated that epithelial NF-κB activation was abrogated by neutralizing TNF with a specific monoclonal antibodies leading to the suppression of CAC [13, 34] . These results suggest that the NF-κB pathway in the epithelial cells is mainly activated by the upregulated TNF production. Previous studies by others had suggested that insufficient immunological homeostasis due to TNF production in IBD was caused by sequential activation of macrophages and neutrophils expressing TNFR1 in the inflamed tissue [35] . However, we and other researchers had observed that intestinal epithelial cells may express both TNFR1 and TNFR2 [13, 37] . There is spontaneous TNFR2 upregulation in the epithelial cells in the setting of in vitro and in vivo inflammatory conditions [13, 38] . An increased epithelial expression of TNFR2 was associated with CAC development [13] . These results suggest that TNF-induced epithelial NF-κB activation is associated with CAC development.
Given the results of upregulated TNFR2 expression and NF-κB activation in the inflamed epithelial cells, we hypothesized that this may somehow be associated with reducing the recruitment of DDs, such as Fas-associated DD and TNFR1-associated DD, which are involved in the caspase-dependent pathway of TNFR1 signaling, so that the epithelial cells may escape apoptosis. However, the role of the epithelial NF-κB activation via TNFR2 signaling associated with CAC induction was not known previously. We therefore investigated whether an increased expression of TNFR2 in this model leads to CAC. Using the same model with AOM and DSS, we have tried to induce CAC in TNFR2-deficient mice. However, CAC development was not possible due to high mortality with DSS treatment, which had also been observed previously [13] . Therefore, we have utilized aMoC1, which is a murine epithelial cell line derived from non-cancerous colonic epithelia transformed with SV40 large T antigen [39] . This cell line likely possesses more physiological functions compared to other cell lines derived from murine colon cancer such as CT26 cells [40] . Furthermore, aMoC1 cells can form confluent monolayers with epithelial tight junctions (TJ). Such characters of aMoC1 cells allowed us to assess the collapsed TJ associated with MLCK upregulation, because it was difficult to observe such morphologies with CT26 cells, which does not show either MLCK upregulation or fine monolayer required for the observations of intercellular junctions under confocal and transmission electron microscopies (TEM; fig. 2 ).
TNF-Induced Epithelial Hyper-Permeability and CAC Development
It had been shown that MLCK in human intestinal cells leads to TNF-induced collapse of epithelial TJ via TNFR2 signaling [41] and that MLCK promoter activity is mediated by NF-κB [42] [43] [44] . Therefore, TNFR2 expression was silenced in aMoC1 cells by transfection with the specific small interfering RNA to determine MLCK activities in the presence of recombinant (r) TNF in our study [34] . This resulted in the abrogation of TNFinduced TJ disruption associated with suppressed MLCK upregulation, and these results are consistent with previous reports by others [18, 41] . Moreover, we also observed that the TJ remained intact with anti-TNF treatment as well as inhibiting MLCK activity ( fig. 2 a and b) . These findings may imply an important mechanism by which NF-κB pathway is regulated in the colonic epithelial cells in the setting of carcinogenesis. Thus, one potential mechanism by which TNFR2 expression in intestinal epithelial cells is associated with CAC development may be that the epithelial barrier dysfunction induced by MLCK activation via TNFR2 signaling leads to translocation of luminal bacteria into the lamina propria. Such epithelial hyper-permeability results in the stimulation of infiltrating macrophages and granulocytes in mucosal tissue followed by cytokine production such as IL-1β, IL-6 and MIP-2 that are required for epithelial proliferation and tumor development ( fig. 3 ). It should be noted that the impact of such pro-tumorigenic cytokines production, which is induced by disrupted TJ, on the severity of DSS colitis is controversial. Some recent studies have suggested that suppression of epithelial permeability by the administration of MLCK inhibitors ameliorates DSS colitis [45, 46] . However, our recent studies suggest that suppression of colitis by ML-7 was not significant, although such treatment was remarkably effective on the suppression of CAC development. One rea- son for the different observations may be that the severity of colitis in our studies was relatively mild compared to the others, and thus, we did not observe distinct abrogation of colitis by MLCK inhibition. In addition, another recent report showed that MLCK-deficient mice revealed worse DSS colitis [47] . These discrepant observations by others and ours imply that another reason may be contributed by environmental factors such as the different microflora at the animal facilities. In humans, on the other hand, it is known that the epithelial NF-κB is activated in IBD, and TNF is usually a critical cytokine in many cases of CD and UC pathogenesis. These suggest that the MLCK expression is presumably one of key molecules that affect the activity and duration of inflammation in human IBD. In our recent study, rINF-γ and rTNF-induced upregulation of TNFR2, and possibly MLCK, in the epithelial cells were suppressed by ML-7 treatment [34] . Upregulation of TNFR2 was also suppressed by silencing MLCK expression. These results suggest that TJ disruption, which is induced by MLCK expression and MLC phosphorylation in the epithelial cells, may result in further upregulation of TNFR2 expression. This in turn causes a vicious circle on the epithelial hyper-permeability, and such a condition may promote tumor growth in the context of inflammation. In this respect, we have examined whether such MLCK expression also induces upregulation of endogenous IFN-γ and/or TNF expressions in these cells. Neither expression of these was affected regardless of the MLCK expression (unpublished). Therefore, another mechanism seems to be involved in the TNFR2 upregulation in the irritated epithelial cells. Furthermore, these data suggest that MLCK expression, which may be induced by TNFR2 signaling in the intestinal epithelial cells, can be a therapeutic target for the maintenance of continuous inflammation and prevention of CAC development in the setting of IBD.
It cannot be exactly determined whether the NF-κB activation through TNFR2 signaling and MLCK expression would be directly responsible for the induction of epithelial dysplasia, since we did not go through the entire tissue to check for aberrant crypt foci. However, it should be noted that we have observed that both MP6-XT22 and ML-7 treatments resulted in the decrease of microscopic tumors as well as larger tumors [13, 34] . These results imply that the expression of MLCK may be associated with not only tumor growth but also epithelial cell dysplasia in the context of IBD. It is already known that p53, Wnt and EGFR signaling are involved in colorectal carcinogenesis. In this regard, neither TNFR2 signaling nor MLCK expression has been reported to be associated with these signaling above.
Conclusion
We described TNFR2-mediated epithelial NF-κB activation and CAC development, which is due to tumorigenic cytokines induced by MLCK-induced disruption of the TJ. This is an important mechanism that helps us understand the mechanisms of extensive cytokine production via chronic epithelial hyper-permeability in IBD, as well as IBD-associated carcinogenesis.
